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Sodium-Potassium ion Channel Selectivity can beModeled by Thyrofluidic
Channel Gating
James P. Barger, Patrick F. Dillon.
Current views hold that the primary barrier to ion diffusion through a narrow
pore is the energy required to dehydrate the transiting ion. The standard model
for the selectivity filter of potassium channels consists of four carbonyls coor-
dinating with the Kþ ion, replacing the energy of ion hydration. Sodium ions,
however, have diminished free energy due to their smaller radii, causing an in-
crease in steric repulsion between the coordinating carbonyl groups. It has been
recognized that this model does not completely account for experimentally
measured selectivity, however.
In the thyrofluidic ion channel model, the gating mechanism for a channel is the
ion hydration state. A sufficient membrane electric field at the ion pore entrance
will strip water molecules from the ion, facilitating ion entry. The electric field
decays exponentially away from the membrane within several nanometers. If
the ion channel extends too far from the membrane negligible hydration strip-
ping will occur, and the hydration shell will remain around the ion, inhibiting
entry. In addition to regulating channel gating, this mechanism also helps to ac-
count for the selectivity exhibited by Naþ and Kþ channels. Our measure-
ments of ion mobility in an electric field show that hydration stripping
occurs at 400 V/cm, the field 6-7 nm from the membrane. Potassium channels
tend to extend past this distance, where hydrated Naþ ion radii exceed hydrated
Kþ radii. As such, ion coordination energy transfer for ion flux would be sig-
nificantly greater for Naþ. Sodium channels tend to lie within this boundary,
however, so they will be exposed primarily to dehydrated ions. As such, steri-
cally unfavorable ion coordination becomes unnecessary to allow ion flux.
Thus, the effects of membrane electric field hydration stripping and channel ex-
tension create differential ion states at channel entry sites.Voltage-gated K Channels - Gating: BKChannels
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A Proton Pathway in the Voltage Sensing Domain of KV Channels, with
a Possible Relation of Gating to the Pore Cavity and to the T1 Moiety
Alisher M. Kariev, Michael E. Green.
Voltage gating of a channel is complex. Strong evidence links the activation gate
to the intracellular T1 moiety (Minor et al, 2000, Cell,102,657), and to slow in-
activation (Panyi and Deutsch, J. Gen’l. Physiol.,2007,129,403, and other refer-
ences). Using quantum calculations (B3LYPwith mixed basis set, plus frequency
corrections to reach room temperature), we have found a large entropic barrier
(81kJ) between pore cavity and selectivity filter. This barrier may relate to
slow inactivation, but it could be overcome, allowing ion transport, by electro-
static interactions either with an incoming ion, or protons that move during gat-
ing. Some additional calculations are presented in the context of specific
interactions of S6 and S3 with T1 and the S4-5 linker. Possible electrostatic re-
lation to the pore, and slow inactivation, requires further calculations. The resi-
dues for relevant amino acid linkages include (numbering, 3LUT structure, Kv1.2
channel): 1) E420(S6):Q315(S4-S5):[possible water]:N253(S3):E142(T1) 2)
Q319(S4-S5):E136(T1):R419(S6):Y415(S6) 3) E422(S6):K134(T1). Also in-
volved: D259, and N256 (S3: the latter may require one water for network link-
age). Moving protons would, in this hypothesis, neutralize charges on acid
residues, breaking links in the network, leading to gating. The complete proton
pathway forms a ‘‘box’’ with defined boundaries; limited water connects sections
of the network, which reaches the S4 positively charged residues to continue the
path. Unless there is a mutation Ra`H, protons do not exit the VSD. The residues
comprising the proton pathway are conserved not only in Kv1.2 channels from
multiple organisms, but in Kcna, Kv1.3 and Kv1.5 from chicken.
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"Must Channels Open Before Inactivating?" Redux
Jeffrey D. Fineberg, Manuel Covarrubias.
Voltage-gated ion channels may adopt four distinct conformations - resting,
activated, open and inactivated - and can achieve inactivation from either
the closed (activated) or open states (CSI or OSI, respectively). Kv4.x chan-
nels are subthreshold-operating Kþ channels exhibiting A-type, rapidly-
inactivating phenotype, and are responsible for the Ito in the heart and ISA
in the nervous system. While previous studies from our lab and others strongly
suggest CSI in Kv4.x channels, there is no conclusive evidence for this autor-
egulatory pathway; and the molecular mechanism of CSI remains unsolved. To
shed light on the inactivation pathways of native Kv4.x channels, we
expressed the ternary Kv4.2 channel complex including auxiliary Beta-
subunits (KChIP and DPP6) in mammalian tsA-201 cells and investigated
the resulting A-type currents in the whole-cell configuration of thepatch-clamp method. Specifically, we implemented model-independent kinetic
analyses to test whether the channels must open before they inactivate (Bean.
Biophys J 35, 595-614, 1981; Horn, et al. Nature 291, 426-427, 1981). The
main results demonstrate that the development of inactivation induced by
a conditioning voltage pulse begins without a significant lag and follows an
exponential profile. Consequently, this time course does not reflect the trajec-
tory of the change in open probability induced by a step depolarization to the
same voltage. Furthermore, contrary to a prediction of conventional OSI, the
rate of macroscopic inactivation slows gradually as the membrane is progres-
sively depolarized. The latter indicates that as the voltage-dependent open
probability increases, the rate of inactivation decreases. These observations
yield strong model-independent support for a mechanism of preferential CSI
in the Kv4.2 channel complex. We are testing this hypothesis at the unitary
current level and probing the pathways of inactivation in neuronal Kv4.x chan-
nels (cerebellar granule and primary sensory neurons). Supported by NIH
grant R01 NS032337 (MC).
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The Nature of the Energy Barrier for the Charge Movement in
Voltage-Sensors
Jerome J. Lacroix, Fabiana V. Campos, Francisco Bezanilla.
Voltage-sensors (VS) are protein domains which transduce changes in mem-
brane potential into conformational changes thereby controlling the opening
of a pore or the activity of a phosphatase domain. This operation creates
measurable gating currents (Ig) by a local rearrangement of charged groups
in the VS. Although there is high conservation of these gating charges among
VS, the kinetics of Ig varies greatly, spreading over several orders of magni-
tudes. These kinetic differences explain the temporal separation of Naþ and
Kþ conductances in excitable cells, critical for the generation and propaga-
tion of the action potential. Despite its fundamental importance, the molecu-
lar mechanism underlying this phenomenon is not well understood. Here, we
identified in the Shaker Kþ channel two hydrophobic residues Ile241 and
Ile287 located in S1 and S2 respectively which directly interact with S4 ar-
ginines during gating charge movement. We show that Shaker gating kinetics
can be speeded up ~ 3 fold by mutating Ile287 to more hydrophilic residues
threonine or serine. Interestingly, voltage-dependent sodium channel (Nav)
possesses threonines in domains I-III at positions homologous to Ile287
and exhibit Ig ~ 10 times faster than that of Shaker. Mutating these threo-
nines to isoleucines in Nav1.4 slows down Ig 2-3 times. Moreover, the sens-
ing currents of the voltage-sensitive phosphatase Ci-VSP, which are ~ 8
times slower than that of Shaker, can be speeded 3-4 fold by substituting
Ile126, (homologous to Ile241 in Shaker) to threonine. Taken together, our
data indicate that the side chains of these two key positions form a hydropho-
bic plug separating the external and internal media. This plug constitutes the
main energy barrier for charge crossing and its amplitude is modulated by its
degree of hydrophobicity, thus controlling the kinetics of the sensor. Support:
NIH-GM030376.
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Gate Closure Strictly Follows Voltage-Sensor Movements in KV Channels
Alain J. Labro, Jerome J. Lacroix, Carlos A. Villalba-Galea, Dirk J. Snyders,
Francisco Bezanilla.
Kv channels are voltage-dependent potassium pores that shape the action po-
tential duration and are critical for cell excitability. Detection of membrane po-
tential (V) is done by a charged (Q) voltage sensor domain (VSD) whose
reorientations generate a transient gating current (IQ). Prolonged depolarization
of Shaker Kv channels pushes the VSD into the relaxed state, characterized by
a slowing in IQOff. Kv channels also have two gates (in series) that seal off K
þ
permeation: the S6 bundle crossing (BC), directly tied to the VSD, and the se-
lectivity filter (SF). Direct comparison of Kþ-conduction in Shaker, reflecting
the status of the BC gate, with IQ shows a strong correlation between both. As
IQOff slowed down with prolonged depolarizations, BC gate closure displayed
a similar 2-fold slowing when the duration of a þ20mV pre-pulse was in-
creased from 0.2 to 10 seconds. Simultaneous monitoring of the VSD move-
ment (fluorescence recordings) and channel gate closure (ionic recordings) in
the TMRM-labeled Shaker mutant M356C showed that the slowing in IQOff
and gate closure occurs simultaneously. This indicates that the gate is strictly
controlled by the movements of the VSD and most importantly that the BC
gate remains open even when the VSD relaxes. Consequently, Kþ conduction
continues as long as the SF gate does not close (inactivation). Interestingly, in
Kv3.1 - a channel that regulates high frequency firing in-vivo - the opposite be-
havior was observed: prolonged depolarization speeded up both IQOff and gate
closure. Thus, the effect of VSD relaxation differs between different subtypes
of Kv channels suggesting that relaxation affects the excitability of cells differ-
ently depending on their depolarization history, either reducing excitability in
Wednesday, March 9, 2011 581acells expressing Shaker or increasing it in case of Kv3.1. (Support: NIH-
GM030376, FWO-G025608)
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Use of Tethered Spectroscopic Probes as Chemical Calipers to Measure
Molecular Distances
Brian W. Jarecki, Suquing Zheng, Xiaoxun Li, Alessandro Senes,
Weiping Tang, Baron Chanda.
Fluorescence based techniques have the advantage of being able to probe dy-
namic structural changes in a physiological milieu. Here we describe the devel-
opment of a novel approach to estimate molecular level distances between two
sites in a protein structure. Distance information was inferred by measuring ac-
cessibility of a fluorescent tag on one site to a variable length collisional
quencher covalently affixed to a second site. The functionalized variable length
quenchers therefore act as ‘‘tape measures’’ which can be utilized to obtain
point-to-point distance information in the protein structure. We validated our
approach using model proline polypeptide substrates of varied lengths (n = 6
or 10). Polyproline substrates were flanked with an N-terminal fluorophore
and a C-terminal cysteine. Cysteine reactive tailed quenchers of varying lengths
were attached at the C-terminal end. The quenching compounds contained two
reactive tails, one that includes a maleimide group to cross-link with the free
sulfhydryl of cysteine and a second that has a nitroxide radical quenching moi-
ety, joined by a polyethylene glycol (PEG) spacer of known lengths (n = 3-8).
Our results demonstrate that variable length tethered quenchers are able to es-
timate molecular distances between two attachment sites by exploiting bimo-
lecular quenching. Quenching efficiency closely matched the predicted
average conformation length and sampling radius of the PEG spacer as deter-
mined by Monte Carlo simulations. Our findings establish the feasibility of us-
ing these tools to determine nanometer scale distances between two sites in
a protein structure in real time.
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Ca2D Dependent Activation of Large Conductance Ca2D Activated
Potassium (BK) Channels by Binding to the RCK1 Domain
Guohui Zhang, Shenyou Huang, Junqiu Yang, Jingyi Shi, Xiao Yang,
Alyssa Moller, Xiaoqin Zou, Jianmin Cui.
BK channels sense intracellular Ca2þ and are important modulators of muscle
contraction, neuronal spike frequency adaptation, neurotransmitter release and
circadian pacemaker output. The cytosolic domain (CTD) of BK channels con-
tains two structural sub-domains, RCK1 and RCK2. Mutagenesis studies have
identified a series of Asp residues in the RCK2 domain (termed as the Ca2þ
bowl) and Asp367 in the RCK1 domain as two putative Ca2þ binding sites.
A recently published crystal structure of the BK CTD showed Ca2þ binding
to the Ca2þ bowl but, surprisingly, provided less further information about
the Ca2þ binding site in RCK1. We have performed mutational scan in the
RCK1 domain to search for the residues that are necessary for Ca2þ binding
in addition to Asp367. Here we show that the mutations of Glu535 in the
RCK1 domain produce nearly identical functional consequences on the Ca2þ
dependent activation as the mutations of Asp367. Therefore, Glu535, same
as Asp367, may be one of binding coordinators for Ca2þ binding in RCK1.
We also show that mutations of Met513, some of which have been previously
shown to reduce Ca2þ sensitivity, result in a different pattern of functional con-
sequences than those of Glu535 and Asp367, which suggest that Met513 is not
part of the Ca2þ binding site. Molecular modeling and experimental data sug-
gest that the binding of Ca2þ by the side chains of Glu535 and Asp367 changes
the conformation around the binding site and turns the side chain of Met513
into a hydrophobic core, thereby opening the activation gate of BK channels.
We have also investigated Cd2þ dependent activation of BK channels and
found that Ca2þ and Cd2þ interact with different sets of residues to activate
BK channels.
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Calcium-Dependent Operation of the Human BK Channel Gating Ring
Apparatus
Taleh Yusifov, Anoosh Javaherian, Chris Gandhi, Riccardo Olcese.
The large cytoplasmic C-terminal domain (CTD) of the human BK channel
forms a gating ring structure composed by two tandem RCK domains serving
as a signal transducer for intracellular Ca2þ and other ligands. However, the
mechanism of the gating ring’s operation remains unknown. We have used
steady-state and time-resolved spectroscopy in combination with dynamic
light scattering to the Ca-induced conformational changes of the purified
CTD of human BK channel. The CTD domain of the human BK channel as-
sembles as a tetrameric gating ring structure (MW~310 kDa) with a hydrody-
namic radius (RH) ~10.5 nm. In the presence of 35 mM free Ca
2þ, RH
reversibly decreases to ~7.5 nm. The modulation of the gating ring hydrody-
namic shape suggests that it undergoes Ca2þ-induced conformational transi-tions, which we further, characterized using time-correlated single-photon
counting spectroscopy. Increasing free [Ca2þ] up to 35 mM shortened the av-
erage Trp fluorescence lifetime (tavg) of the wild-type gating ring from ~2.6ns
to ~1.9ns, while the neutralization of the high-affinity Ca-binding site within
RCK2 (Ca bowl, D894-898N) attenuated the effect of Ca2þ. Steady-state
fluorescence analysis revealed that these ligand-dependent structural rear-
rangements of the gating ring possess strong divalent cation selectivity.
The gating ring exhibited i) high-affinity Ca2þ-binding (Khalf_1 ~0.3mM and
Khalf_2 ~4mM); ii) significantly lowered affinity for Mg
2þ (Khalf ~200mM)
and iii) no Ba2þ sensitivity up to 13mM, consistent with the lack of Ba2þ-de-
pendent BK channel activation. Interestingly, Ca2þ bowl neutralization
eliminated Mg2þ sensing up to 12mM. In summary, under physiologically-
relevant conditions, these ligand-induced conformational transitions are
strongly ion-specific and associated with changes in the hydrodynamic prop-
erties of the BK gating ring and likely represent the ligand-induced molecular
events underlying channel activation.
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On the Properties of the RCK1 Domain of the Human BK (SLO1)Channel
Taleh Yusifov, Anoosh Javaherian, Antonios Pantazis, Chris Gandhi,
Riccardo Olcese.
In BK channels, four RCK1 and four RCK2 domains assemble into a cytosolic
ligand-sensing superstructure known as the gating ring. While electrophysio-
logical data suggest that both RCK1 and RCK2 contain high affinity Ca2þ-sens-
ing sites, recent crystallographic data (Wu et al., 2010) has revealed Ca2þ
binding only within the RCK2 domain. Does the RCK1 domain bind Ca2þ?
What is the role of the high-affinity Ca2þ sensing residues D362/D367 (Xia,
et al 2002) located in RCK1 domain? To address these questions, we expressed
and purified the region of the human BK channel C-terminus corresponding to
the amino acid sequence 322IIE¼HDP667. We have probed the structure and
Ca2þ sensing properties of the RCK1 domain in solution, under physiologically
relevant conditions. In addition to the a/b fold shared with its bacterial coun-
terparts and human BK RCK2 domain, the RCK1 domain preferentially self-
assembles into a homo-octameric structure. We recently reported that RCK1
undergoes Ca2þ-dependent conformational changes similarly to the RCK2 do-
main (Yusifov et al., 2008 and 2010). The neutralization of residues D362/
D367 altered the secondary and quaternary structure of the RCK1 domain
and prevented Ca2þ-induced structural transitions in RCK1. 45Ca2þ overlay as-
say suggested that the neutralization of D362/367 did not abolish the Ca2þ-
binding activity of RCK1 in the range of 2.1-115 mM free Ca2þ. While it cannot
be excluded that D362/D367 are elements of a Ca2þ binding site with multiple
coordinating residues, our results favor the view that D362 /D367 have a pre-
dominantly structural role. Possibly, these mutations set RCK1 domains in
a conformational state that hampers the propagation of structural changes
caused by ligand binding.
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Probing the Dynamic Structure of the BKCa Voltage Sensor: Relative
Motion of Segments S0 & S4 During Activation
Antonios Pantazis, Azadeh Kohanteb, Riccardo Olcese.
Voltage- and Ca-activated, Large-conductance Potassium (BKCa) channel
a subunits (Slo1) possess the transmembrane helix S0 at their N-terminus,
which is absent in other members of the voltage-gated channel superfamily.
S0 mediates the interaction between pore-forming a and modulatory b sub-
units, while it is thought to pack closely to voltage-sensing segment S4
(Liu et al., 2010). We previously reported that conformational rearrange-
ments relevant to voltage-dependent activation occur in the proximity of
the BKCa N-terminus, by using voltage clamp fluorometry (Pantazis et al.,
BPS meeting 2010). In this work, we have identified the principal molecular
source of the fluorescence signal reported from the extracellular flank of S0
(positions 17, 18 or 19 labeled with the fluorophore TMRM) in W203, at
the extracellular tip of S4: Substitution of W203 with a Valine reduced the
amplitude of voltage-dependent DF/F reported from the extracellular portion
of S0 byz90%. Accordingly, we demonstrate that the tryptophan side-chain
is able to efficiently quench TMRM fluorescence with a Stern-Volmer con-
stant KSV = 41.3 M
1. Considering this data, we suggest a model for the dy-
namic structure of the BKCa voltage sensor domain: at rest, S0 is in collisional
proximity with S4, so that TMRM labeling S0 is quenched by W203. Upon
depolarization, a relative motion between the two segments increases the dis-
tance between them, relieving TMRM quenching. Regarding the relevance of
the relative motion between S0 and S4 to channel activation, we propose that
S0 acts as a pivot, against which the voltage-sensitive S4 moves to actuate
channel gating. We speculate that the modulation of the relative positions
of S0 and S4 by b subunits could mechanistically explain their effects on
voltage-dependent activation.
